Instead of pilot tones, the impulse sample is exploited for channel estimation in Impulse Postfix OFDM systems [1] . As the magnitude of impulse sample is increased, the accuracy of channel estimation can be enhanced, but it may significantly increase the PAPR of generated OFDM symbols. In this letter, based on the statistical analysis of the generated OFDM symbol, we propose a decision scheme for determining the magnitude of impulse sample. By using the proposed scheme, we can determine the magnitude of impulse sample that provides the enhancement of BER performance as well as the avoidance of PAPR increase. The validation of the proposed scheme is demonstrated by computer simulations.
Introduction
Orthogonal frequency division multiplexing (OFDM) has been a widely researched technology due to robustness against inter-symbol interference (ISI) and high spectral efficiency [2] . If mobility is considered in OFDM systems, however, inter-carrier interference (ICI) occurs and the orthogonality of subcarriers is not preserved [3] . In [4] , a matrix form of time-frequency-selective channel is presented, and the effects of ISI and ICI are mitigated by utilizing the full information of the channel matrix.
The conventional channel estimation scheme uses pilot tones with two different patterns [4] . One is allocating the pilot tones in all subcarriers of a given OFDM symbol, while the other is inserting the pilot tones into certain subcarriers for every OFDM symbol. The former pattern is weak to the time selectivity, and the latter one is vulnerable to the frequency selectivity. In [1] , the technique utilizing impulse sample with zero-padded OFDM [5] , which is called impulse postfix (IP)-OFDM, is introduced for the channel estimation being strong to both time and frequency selectivity. In IP-OFDM, as the magnitude of impulse sample is increased, accuracy of channel estimation can be remarkably enhanced. In addition, it is shown that exploiting the impulse sample makes it possible to estimate the channel impulse response directly in the time domain. However, boosting more power of the impulse sample may signifi- cantly increase PAPR of generated OFDM symbols. Thus, the appropriate magnitude of the impulse sample should be determined to estimate the channel without significant increase of PAPR of OFDM symbol. In this letter, we propose a decision scheme, based on the statistical analysis of the generated OFDM symbol, for determining the magnitude of impulse sample in behalf of both PAPR issue and enhanced performance of channel estimation.
System Description
The IFFT output of an OFDM signal is
where (·) T denotes transposition. When the length of guard interval is L, the impulse postfix is attached to x, as shown in the upper graph of Fig. 1 , and the resulting symbol, u, can be expressed as
where 0 L is the 1×L null vector, and c is the impulse sample. The received sample over the time-frequency-selective channel is expressed as 
where h(n, l) is the channel coefficient at sampling index n and multipath delay l, and z(n) is additive white Gaussian noise. The received OFDM signal, which is shown in the lower graph of Fig. 1 , can be expressed as
Data Detection
The detection method of IP-OFDM is the same as that of ZP-OFDM. Overlap-and-add method produces the following linear equation:
where
The time domain channel matrix in ZP-OFDM systems, H, can be written as [1]
where h n,l is equal to h(n, l).
To equalize the received signal in the frequency domain, Eq. (5) can be transformed in the frequency domain by using the N-point DFT matrix F N . The element of Npoint DFT matrix is defined as
where l and m are row index and column index, respectively. The received signal is given by
where X and Z are N-point DFT of x and z, respectively. (·) H is Hermitian transposition, and G is the frequency domain channel matrix. By multiplying G −1 to the left of Y in (8), the transmitted signal can be estimated as 
Channel Estimation
As shown in Fig. 1 , the channel impulse response is estimated directly at the receiver. Figure 2 shows the channel estimation procedure. As shown in the figure, the channel coefficients of which magnitudes are smaller than a certain threshold are set to zero. The multipath delay components with non-zero value are used as channel state information. For each selected multipath delay, two channel coefficients of adjacent OFDM symbols are interpolated to the discrete sequence with sampling rate or system bandwidth F s . Note that only N samples are used to construct the time domain channel matrix H of the current OFDM symbol.
Magnitude Design of Impulse Sample
In this section, the statistical analysis of OFDM symbol is discussed, and we utilize the statistics in determining the magnitude of impulse sample.
Statistics of Transmitted OFDM Symbols
After IFFT operations, the n-th OFDM sample is expressed as
where X(k)'s are the independent and identically distributed complex random variables with zero-mean and variance E s .
The expectation values of x R (n) and x I (n) are given by
The variances of two random variables are
In addition, the covariance is
As the FFT size N becomes large, by central limit theorem, x R (n) and x I (n) are considered as Gaussian random variables. Furthermore, since x R (n) and x I (n) are uncorrelated, they are independent. Thus, the probability density function (PDF) of each variable is written as
Magnitude Determination
Since x R (n) and x I (n) are zero-mean Gaussian random variables with the same variance E s , the magnitude of x(n) has Rayleigh distribution [6] . From Eqs. (14), (15), the PDF of |x(n)| is derived as
In addition, the cumulative distribution function (CDF) is given by
When the magnitude of impulse sample is pE s , the corresponding CDF value can be expressed as
Es dα
where β = α 2 /E s is an exponential random variable with the mean 1. If the given probability is γ, the power boosting factor p is designed as follows
where F −1 β (·) is inverse CDF of the exponential random variable with the mean 1. When the number of total OFDM samples is M, there are Mγ samples whose magnitude is greater than that of impulse sample. Thus, if Mγ ≥ 1, the impulse sample can be designed without additional PAPR problem.
Simulation Results
In this section, IP-OFDM system with impulse sample, which is determined by the proposed scheme, is compared with ZP-OFDM system with conventional channel estimation schemes. The simulation condition is summarized in Table 1 . The 2-ray Rayleigh fading channel with equal power is employed and Table 2 shows the different channels used in simulations.
'ZP-OFDM Training' represents the ZP-OFDM system that the pilot tones are allocated for all subcarriers. 'ZP-OFDM Pilot' refers to the ZP-OFDM system placing the pilot tones at certain subcarriers. For a fair comparison, the same data rate is assumed for all the considered systems as described in [1] . In 'ZP-OFDM Training,' there exist five data OFDM symbols between two training OFDM symbols. Pilot tones are allocated to 11 subcarriers in 'ZP-OFDM Pilot.' Moreover, the total transmit power is equal among all the systems. In IP-OFDM system, the larger the magnitude of impulse sample is, the less power data tones have [1] . From the statistical property of OFDM symbol in previous section, two power boosting factors, p=4.6052 (γ = 99%) and 6.0978 (γ = 99.9%), are determined. Figure 3 shows BER performances of IP-OFDM system with proposed IPs, compared with those of the system with conventional schemes and perfect CSI. As shown in the figure, the BER performance of the system with the proposed IPs outperforms those of system with conventional schemes at high E b /N 0 . Especially, IP-OFDM with p = 6.0978 outperforms the 'ZP-OFDM Pilot' at higher E b /N 0 than 10dB and IP-OFDM with p=4.6052 does at higher E b /N 0 than 12.5dB. Note that impulse sample with increased magnitude provides the improved BER performance. Figure 4 shows the BER performance comparison of all the considered systems over the channel with increased Doppler frequency. As shown in the figure, the BER curves of IP-OFDM and 'ZP-OFDM Pilot' cross each other at E b /N 0 = 9 dB for p=4.6052 and E b /N 0 = 7 dB for p = 6.0978. Thus, we can conclude that IP-OFDM is more robust than conventional systems in time selective fading channel. Similar results also can be observed over the channel with increased multipath delay spread in Fig. 5 . Figure 6 illustrates CCDF (Complementary CDF) curves for IP-OFDM systems. PAPR is observed at every OFDM symbol, and CCDF is obtained from 10 6 OFDM symbols. 'IP-OFDM (p = 1)' implies IP-OFDM system whose impulse sample has the same power as data tones. Note that PAPR decreases significantly when p = 4.6052 compared with 'IP-OFDM (p = 17).'
Conclusion
We proposed a decision scheme, based on the statistical analysis of the generated OFDM symbol, for determining the magnitude of impulse sample. By using the proposed scheme, we could determine the magnitude of impulse sample that provides the enhancement of BER performance as well as the avoidance of PAPR increase. Simulation results demonstrated the validation of the proposed scheme over various channel conditions.
